Abstract. The measurements of trace gases in the atmosphere made by the Halogen Occultation Experiment instrument on UARS have been used to investigate the solar cycle variation of nitric oxide. The data covers the period from near solar activity maximum in late 1991 to its near minimum in late 1996. Systematic errors in the NO measurements were corrected, and the results were correlated with the F 10.7 index. Regression coefficients derived from this analysis are presented. It is found that nitric oxide in the equatorial thermosphere varies significantly with F 10.7 , but its variation in polar thermosphere is very small.
Introduction
Many trace gases in the Earth's atmosphere vary with seasons and region, but of all the gases, the concentration of no other gas varies as much with solar cycle as of nitric oxide in the thermosphere. There have been a number of investigations of this variation of NO. The earliest report on the solar cycle variation of NO is by Golshan and Sechrist [1975] . They summarized the measurements of the vertical profile of electron concentrations and the separate measurements of NO ϩ /O 2 ϩ ratios in the midlatitudes by rocket-borne instruments. From these they derived NO concentrations between 90 and 110 km. They claimed, from these indirect measurements, that the concentration of NO increased with sunspot number. In the last 30 years or so there have been a number of direct measurements of NO in the thermosphere. The ␥ bands of NO near 220 nm, which fluoresce in sunlight, have been used to measure NO concentrations between 100 and 150 km altitude, typically. Kuze and Ogawa [1988] combined rocket measurements of the ␥ band intensities on different days to show that the derived NO concentrations, at 105 km altitude, increased with the F 10.7 index. Each of the above two studies of NO variation with solar cycle relied on measurements made on less than 10 different occasions using different instruments. The measurement occasions do cover almost all the range of sunspot number or F 10.7 typical of a solar cycle. Such a limited number of datum points are insufficient to separate solar cycle variations from other possible natural variations.
On the other hand, satellite measurements of the UV emissions of NO have been used to derive its concentrations on an almost daily basis. Among the satellite UV measurements are the Solar Mesospheric Explorer (SME) results of NO concentrations, which were used to study its variation with solar cycle [Barth et al., 1988] . This investigation used consecutive daily data obtained over 4 years (1982) (1983) (1984) (1985) (1986) ) from near solar maximum to near minimum. This clearly showed that NO concentrations in the equatorial thermosphere decreased with decreasing solar activity, but quantitative results were not derived from regression analyses.
The above three studies report on the variation of NO in middle and low latitudes only. Furthermore, none of the three investigations includes any estimates of the measurement errors. Another investigation [McPeters, 1989] was based on the measurements made by the SBUV instrument on the Nimbus 7 satellite. This study, which covers the years 1979 (solar maximum) to 1986 (near solar minimum), was based on once a month measures of NO. The decrease of NO concentration with decreasing solar activity level, in the equatorial mesosphere-thermosphere, was noted by McPeters also. It can be safely said that while there is qualitative evidence for the variation of thermospheric nitric oxide with solar activity, the quantitative aspects and the geographical dependence of the NO variation remain to be investigated.
The Halogen Occultation Experiment (HALOE) [Russell et al, 1993] on board the Upper Atmosphere Research Satellite (UARS), which was launched in 1991, has been measuring NO in the 20 -140 km altitude range from September 1991 to date. Data to the end of October 1996 have been used in this investigation to study the solar cycle variation of NO in the lower thermosphere. During this period the F 10.7 index fell from about 270 to about 67. Data for 1850 days of the 1900 days in this time period are available. The data set used is the most extensive, to date, in terms of the time range over which NO was measured; it includes both high and low latitudes. Very importantly, the random (measurement) errors are included in the data set. The systematic errors are discussed in this report. Section 2 describes the data set and the simple analyses performed to detect the solar cycle variation of NO in low and high latitudes separately. The results are presented in section 3 along with the conclusions.
The most up-to-date models for the NO chemistry in the thermosphere fail to match the observed concentrations by nearly a factor of 4 [Swaminathan et al, 1998 ]. The chemistry is complex, involving many reaction rates that have large uncertainties. It is possible that the solar cycle variation, reported here, will help in resolving the discrepancy between models and measurements.
Data Analyses
The volume mixing ratios (VMRs) of NO have been retrieved from the HALOE measurements, by the HALOE team [Russell et al, 1993] . The concentrations of NO, NO 2 , and other trace gases were measured by the solar occultation method. This method yields the vertical profile of NO at local sunrise and sunset times only. The data set is available on line at the HALOE home page. The most recent version of the reduced data (version 18) was used in this investigation. The tables giving the retrieved VMRs for every occultation (sunset and sunrise) between October 1, 1991, and October 31, 1996, were obtained. The VMRs are given at the tangent altitudes where the measurements were made, along with the estimated standard deviation of the VMR. The VMR tables include pressure and temperature at the same altitudes derived from data obtained by other instruments in the HALOE suite. The VMRs are converted to number densities, and the vertical column density of NO in a chosen altitude range was obtained by integrating the volume densities. The associated uncertainties are estimated also, as follows: let Z i , i ϭ 1,2 ⅐ ⅐ ⅐ k be the altitudes for which the VMRs are given, n i be the volume densities at these altitudes, and s i be the random errors in the number densities at the same altitudes.
The vertical column density N between altitudes Z min and Z max and its uncertainty ⌬N are given by
with Z 1 ϭ Z min and Z J ϭ Z max .
The column densities and the associated errors for each occultation were derived for two different altitude ranges, 80 -140 and 30 -50 km. This was done for each of the 14 or so sunset and the same number of sunrise occultations every day. The column densities are further divided into two classes, one consisting of high-latitude data and another of equatorial data. Column densities with tangent point with ͉͉ Ͼ 50Њ are placed in the high-latitude (polar) group, while those with ͉͉ Ͻ 30Њ are placed in the equatorial group. So there are eight groups of column densities. Each group consists of one of two latitude divisions, one of two altitude ranges, and either sunset or sunrise. All the column densities in one group on 1 day were averaged to produce a daily mean value with an associated uncertainty. This was done for each group. The change in the latitude in one group in 1 day is less than a few degrees. Figure  1 shows the changes in the NO column densities with date. It should be noted that on many days there might not have been measurements in all groups. There are nearly 380 daily aver- ages in the equatorial sunrise and sunset groups each. Similarly, there are about 450 entries in the each of the polar sunrise and sunset daily averages. It is evident that in the high-altitude group the sunset and sunrise values are the same to within the short-term variations. In the low-altitude groups the equatorial sunset values of NO are higher than the sunrise values. In the low-altitude polar groups the sunrise and the sunset values overlap considerably. The sunset values of both equatorial and polar NO 2 (Figure 2 ) are higher than their sunrise counterparts. Therefore the sunrise-sunset difference in the concentrations is not likely to be an instrumental artifact but may be a natural variation in the atmosphere. (HALOE data are being used to investigate the diurnal and longer-term variations in stratospheric NO and will be reported elsewhere.) This diurnal effect is inconsequential at higher altitudes. In view of this systematic difference it was decided to analyze the long-term variations of the sunset and sunrise data separately. These daily averages were used in further analyses. It is evident from the figures that the equatorial high-altitude NO shows a steady decline with solar activity. The other groups do not seem to have any variation exceeding the short-term fluctuations.
When the version 18 data were first analyzed, it was found that the equatorial low-altitude NO increased steadily from October 1991 to October 1996, while the level of solar activity was decreasing. The total increase was about 23% during this period. This change exceeds the uncertainties. In other words, it appeared as if the equatorial low-altitude NO was anticorrelated with F 10.7 . This was a surprising result, quite contrary to what was expected on the basis of the known chemistry of NO in the low-altitude atmosphere. It is well known [Brasseur and Solomon, 1986, p.257] that in the lower atmosphere below 50 km, NO converts to NO 2 at night and that the latter photodissociates back to NO very rapidly in daytime. It is therefore expected that their concentrations will rise or fall together (except for the diurnal variation). So, if NO increases during the solar cycle, so should NO 2 . The HALOE suite has another instrument that measures NO 2 . The VMRs derived from the measurements of this instrument were used to derive and examine the 30 -50 km column densities of NO 2 in the equatorial Figure 2 . It is evident that there is no secular change of NO 2 during the time period under study. Therefore it was suspected that the secular rise in the low-altitude equatorial NO, from 1991 to 1996, may be an artifact of the instrument or the data reduction. Consultations with L. Gordley of the HALOE science team revealed that a correction, of about 5% per year, was introduced to make up for a suspected loss of response of the NO instrument. After some discussion of the NO 2 findings, described above, and other laboratory data obtained by the HALOE team, it was decided that the 5% annual correction of the NO data should be removed from the version 18 data. The HALOE science team issued an advisory to this effect on their web page. The results shown in Figure 1 are the outcome after the artificial 5% per year bias was removed. The correlation of the NO column densities with the F 10.7 index, proxy for solar activity, was calculated using this corrected data.
A linear regression analysis of the column densities against the F 10.7 index was performed. The index values are for the mean Sun-Earth distance. The coefficients A and B in the regression equation N ϭ A ϩ BF 10.7 and the corresponding random errors in the coefficients, A and B , were determined using the algorithm developed by Akritas and Bershady [1996] . It is to be noted that this method takes into account the intrinsic scatter as well as the random error in the dependent variable (the column density of NO in this case). The regression of polar high-altitude, polar low-altitude, equatorial highaltitude, and equatorial low-altitude column densities against the F 10.7 index were determined. The high-altitude regression coefficients are given in Table 1 for the sunrise (SR) data and sunset (SS) data separately. The uncertainties A in A and B in B are given along with i , the standard deviation of the intrinsic scatter in the column densities. The low-altitude regression coefficients are given in Table 2 . Table 1 shows that the amount of NO in the equatorial thermosphere is strongly correlated with the value of the F 10.7 index, while the amount in the polar thermosphere appears to be weakly correlated. This is evident from Figure 3 . The slope (B) of the correlation in the equatorial region is significantly larger than the uncertainty ( B ). The slopes for sunset and sunrise differ by about 8 ϫ 10 14 m Ϫ2 . The corresponding uncertainty in the difference is 6.6 ϫ 10 14 m Ϫ2 , and hence the difference is not highly significant. Therefore no inferences from the small difference in the sunset and sunrise slopes of the regression curves can be justified.
Results and Discussion
However, the negative value of A in the equatorial sunrise regression fit is unphysical. While the negative value is larger than the error in its estimate, it is about the same as i , the intrinsic scatter in the column density. In the equatorial case the difference in the A values between the sunrise and sunset regressions is less than 20% of the total change in the column densities from 1991 to 1996. Whatever the cause of this difference, it does not affect the conclusions about the solar cycle variation of NO discussed below. Differences between the sunrise and sunset value of A, well exceeding the uncertainty in the estimate of A are seen in the other data also. However, in all cases the differences in the sunrise and sunset values of A are less than the intrinsic scatter in the column densities shown in the last column of the tables. Therefore the difference between the sunrise and sunset values in A in any data group is insignificant compared to the natural variation of column densities.
The slopes of the polar column densities regression lines are about one half of that of the equatorial values. The difference between the polar sunrise and sunset slopes is not statistically significant. The polar B values are larger than the uncertainties. This indicates that the amount of NO in the polar region does decrease with solar activity level. The base value (A) is quite different for the two latitude zones. The value of F 10.7 varied between 270 and 67, approximately, during the period late 1991 to late 1996. The regression equation gives the change in the NO column density, during this time period, in the equatorial zone to be about 2.4 ϫ 10 18 m Ϫ2 . This change is about 1.5 times the mean of the column density during the time period of interest. On the other hand, the corresponding change in the polar region, as given by the regression equation, is 1.4 ϫ 10 18 m Ϫ2 . This change is about a third of the mean value of NO in this latitude zone. It is quite clear that the change in the NO column density is much more pronounced in the equatorial thermosphere-mesosphere than in the polar thermosphere-mesosphere. It does seem that there is some change in the polar region also. In view of the systematic correction applied to the version 18 data, it is fair to ask if this change in the polar values would be different if the correction applied was, say, 3% per year instead of 5%. To answer this, the regression coefficients were recalculated using column densities corrected by 3% per year only. The last line of Table 1 shows the recalculated regression coefficients for the polar high-altitude sunrise case. It is evident that the slope is still different from zero. This shows clearly that the polar NO amount does change with solar cycle.
The last column of Table 1 gives a measure of the intrinsic scatter in the column density in the different zones. The scatter is about a factor of 5 larger in the polar region than in the equator. More interestingly, the scatter in the polar region is about half the mean value itself, whereas in the equatorial region the scatter is about one fifth of the mean value. The intrinsic scatter in the polar region values is about as large as the solar cycle variation. This scatter may be due to the large spatial variation of the NO densities known to occur in the polar regions. This scatter is not random. Closer examination of the data shows that the values on consecutive days are not randomly distributed but fall along straight lines in an enlarged version of Figure 1 . It appears that the values are either steadily increasing or decreasing over time spans of a week or so. Monotonic variation with latitude will fall along straight lines in these figures because each successive day corresponds to a different but nearby latitude. The short-term variations seen in the figures are combinations of spatial and true temporal changes. Much of the "scatter" in the polar thermospheric column densities is probably due to the large latitudinal gradient in NO poleward of 50Њ. This is shown in Figure 4 . McPeters [1989, Figure 7] had noted this latitudinal gradient. However, the temporal fluctuation has a large amplitude also. Figure 5 shows the thermospheric NO column, density from 1991 to 1996 between latitudes 60Њ and 65Њ. It is evident that even in this narrow latitude range the solar cycle variation in thermospheric NO is small compared to the scatter. Because of the periodicities inherent in satellite remote sensing, observed variables reflect a mix of spatial and temporal changes in the physical parameters. Work is in progress to untangle the spatial variations and temporal oscillations of NO in the atmosphere as reflected in HALOE data.
The slopes of the low-altitude trends are marginally different from zero in some cases. Even here the slopes are 1 to 2 orders of magnitude smaller than the high-altitude values. In relation to the mean the total change during the solar cycle is very small. The small slopes may be due to residual instrumental effects and not due to natural causes.
In summary, the amount of NO in the equatorial mesosphere-thermosphere changes during the solar cycle by about 1.3 times its mean value. The corresponding change in the polar regions is about 30% of its mean value. The changes are positively correlated with F 10.7 . The amount of NO at altitudes below 50 km changes, if at all, by less than 20% of the mean during the solar cycle.
Atomic nitrogen is the precursor for forming NO in the thermosphere [Brasseur and Solomon, 1986, p. 267] . Atomic N is produced by the dissociation of N 2 . In the polar regions this is effected by the precipitating electrons, while in the equatorial region this is accomplished directly or via photoelectrons by solar EUV and X ray radiations [see, e.g., Barth, 1992] . The short-wavelength electromagnetic radiation of the Sun is known to vary with solar cycle, while there is no known variation, with solar activity level, of energetic electrons in the auroral ionosphere. Therefore the solar cycle variation of NO in the equatorial thermosphere is not surprising, and similarly, the absence of a trend in the higher-latitude thermosphere is not unexpected.
The up-to-date model of Swaminathan et al. [1998] fails to explain the observed densities of thermospheric NO by nearly a factor of 4. There are large uncertainties in many of the reaction rates involved in the NO balance. The results of this model show clearly that there are many feedback effects involved. The solar cycle variation of NO may, when combined with measured or reliably estimated variations of short-wavelength electromagnetic radiations of the Sun, help to construct a more accurate model for NO in the thermosphere. 
